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Abstract
Cold extrusion is a process commonly used to manufacture drive train components in the automotive industry.
Large plastic strains can be applied during this operation (up to 150%) and greatly changes the mechanical properties
of the resulting material. This study, part of the ANR project Deﬁsurf focuses on the impact of cold-forging process
parameters on the fatigue behavior of steel components. The goal is to decouple the various eﬀects of cold-working by
analyzing the material properties and performing fatigue tests. A speciﬁc tool has been developed, in collaboration with
the Gevelot company, to get original fatigue specimen able to characterize the eﬀect of the manufacturing process on
the fatigue behavior. The specimens are extruded from two diﬀerent initial diameters, giving two diﬀerent reductions
in cross-section of 18% and 75% respectively. These values represent the range of cross-section reduction found in
cold-forging: a minimum reduction is always applied, and above 75% reduction the components can be damaged (e.g.
tearing).
To understand the inﬂuence of cold-forging, the following analyses have been undertaken for each condition: mono-
tonic tensile properties, microstructure, EBSD, residual stresses, hardness and surface roughness. Simulation of the
forming process and microstructural observations of the two batches show that the plastic strain is homogeneous in the
specimen section. For both reduction factors, the forming process has a positive eﬀect on the components properties:
induced residual stresses in compression and improve hardness and roughness (Ra decreasing). Push pull and plane
bending fatigue tests show that the fatigue strength is about 30% higher for the high wrought batch. Residual stresses
are not relaxed by the applied fatigue loads. SEM observations of the fatigue failure surfaces, for both extrusion condi-
tions, show that there is no inclusion or surface defect at the initiation site. All investigations show that strain hardening
is the principal material parameter responsible for the increase in fatigue strength.
Keywords: Type your keywords here, separated by semicolons ;
1. Introduction
Cold extrusion is commonly used in the manufacturing of automobile parts. The process is mostly used
for mass production, as the required dies can be very expensive. The shaft in ﬁgure 1 is an example of
a component manufactured through cold extrusion and shows various cross-section areas and deformation
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levels. Cold extrusion can achieve high production speeds while maintaining tight tolerances and high
quality surface states [1].
The plastic strain applied during cold extrusion introduces material hardening and residual stresses. In
certain cases, the material can also be damaged.
Many authors study the eﬀects of prestrain on fatigue strength. In many cases, the prestrain and the
loading are in the same direction [2–5]. For example, on a low carbon steel, a small 3% plastic strain tends
to lower the fatigue limit, whereas a higher 6% strain improves it [2]. On a quenched C50 steel, prestrain
can have a negative eﬀect [3].
Few articles study the inﬂuence of prestrain introduced during the forming process and these articles
focus on cold-rolling of plates [6] or on cold drawing of wires [7, 11], which is the process closest to cold
extrusion. The studies on cold drawing usually study the crack propagation [7–11]. The crack is often
initiated on a surface defect, and these authors use the Linear Fracture Mechanics to build a model with the
defect as a pre-existing crack [9, 10, 12].
The specimens in this study were designed in collaboration with the Gévelot company, in order to have
specimens representative of cold extrusion components (ﬁgure 1). The fatigue loading will be applied
longitudinally, which is a diﬀerent direction from the radial principal plastic strain introduced during forging
which is mostly.
There are two batches of specimens which are extruded from round bars with two diﬀerent initial diam-
eters, giving specimens with the same ﬁnal diameter (13.55 mm) but not the same reduction of cross-section
area. The reductions of cross-section are 18% and 75% and are the two extremes applied in cold forging in
the Gévelot company. The specimen geometry is shown in ﬁgure 2. The two batches will be called "lightly
wrought" for the 18% reduction and "highly wrought" for the 75% reduction, with the initial material called
"before forging".
To estimate the heterogeneity of the plastic deformation in the specimens, Finite Element simulations
of the cold extrusion will be performed. The mechanical properties of the specimens and the impact of the
process on the microstructure will be analysed. Afterwards, fatigue tests will be conducted on the specimens.
Fig. 1. Example of a forged component, showing multiple reductions of the cross-section. Photo credit: Gevelot Company.
2. Process
The goal of this numerical study is twofold: observing the distribution of plastic deformation introduced
during the extrusion and showcasing the usefulness of FE simulation in predicting certain material properties
after extrusion, for example hardness.
The simulations were performed with the Forge® software using a Hansel & Spittel thermo-visco-elasto-
plastic law. The results of the simulations are given in ﬁgure 3. The geometry of the specimens are correctly
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predicted, and the Von Mises equivalent plastic strain is relatively homogeneous for each specimen, being
lowest in the center and highest just below the surface.
The Forge® software can be used to predict the hardness, using an empirical law linking the Vickers
hardness to the equivalent Von Mises stress: HV = σVMeq3 . This model is based on a link between yield stress
and hardness shown by Tabor [13] and used by other authors [14–16]. Using the maximum Von Mises
stress, the software updates the hardness each time step if it is higher than the previous value. The starting
hardness value is measured experimentally (164 HV).
The simulated hardness values have a similar gradient as the plastic deformation. For the lightly wrought
specimen, hardness ranges from 220 the 250 HV; for the highly wrought specimen, hardness is 270 HV.
3. Characterisation
The fatigue specimens are extruded from round bars of 27MnCr5 ferrite-pearlite steel (chemical compo-
sition is given in table 1). Hardness tests on the specimens show increased hardness after forging: 164 HV
before forging, 233 HV for the lightly wrought specimens and 288 HV for the highly wrought specimens.
The hardness is very homogeneous along the cross-section of the specimens. Comparing the simulated
hardness with the experimental values yields a maximum error of less than 10%. This means that despite
the simple model used, the Forge® software is capable of accurately predicting hardness values.
The mechanical properties are similarly aﬀected. The stress-strain curves for the three batches are given
in ﬁgure 4, they show that the higher the hardening introduced by the forging process increase both the yield
stress and the ultimate tensile stress.
The impact of the process is also noticeable on the microstructure. A cross-section of the material shows
alternating bands of ferrite and pearlite. These bands come from the hot-rolling during the making of the
initial bar. The bands are on average 20 μm wide before forging and for the lightly wrought specimens.
In the highly wrought specimens, the bands have been compressed and are only 10 μm wide on average.
Furthermore, the grains have been stretched in the forging direction, and have a much diﬀerent shape than
for the other batches. Additionally, EBSD imaging shows that there are no microstructure gradients in the
specimens, which is in agreement with the FE simulations.
The plastic strain also introduces residual stresses in the specimens. On the surface, the residual stresses
are compressive. X-ray diﬀraction analysis gives an average value of -100 MPa of residual stresses on the
surface of the lightly wrought specimens (in the forging direction), and -300 MPa for the highly wrought
specimens.
The surface roughness in the forging direction was measured using a 3D optical microscope proﬁlometer,
using a cut-oﬀ distance of 800 μm. The roughness value is Ra = 2.5 μm before forging. After forging,
the roughness is lowered to 1 μm for the lightly wrought specimens and 0.3 μm for the highly wrought
specimens.
The changes introduced by the extrusion process, hardening, microstructural change, residual stresses
and the smaller roughness, suggest a improved fatigue behaviour after forging.
Element C Mn Cr Si S Ni Cu
Min 0.240 1.100 1.000 0.0200
Actual 0.266 1.193 1.080 0.234 0.0313 0.106 0.109
Max 0.270 1.400 1.120 0.300 0.0330 0.250 0.250
Table 1. Chemical composition of the 27MnCr5 steel, in weight percentage.
4. Fatigue behaviour
The goal of the fatigue tests is to quantify the fatigue behaviour of the core material and the inﬂuence
of the forged surface on fatigue. Two types of fatigue tests were performed. Firstly, push-pull (R = −1)
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tensile tests were conducted on machined and polished specimens, in order to analyse the behaviour of the
core material. Secondly, bending fatigue tests were performed in order to test the forged surface. These tests
were performed with a load ratio of R = 0.1. Both specimen geometries are given in ﬁgure 2.
For each loading condition, a staircase method was used on 10 specimens (15 in bending) at 2.106 cycles.
Two resonant fatigue testing machines were used, one in bending (frequency 80 Hz) and one in traction
(85 Hz).
Surface residual stresses were measured before and after cycling and show that after machining, the
surface stresses double for the lightly wrought specimens. This is due to the relaxation of the core resid-
ual stresses during machining. Machining has little eﬀect on the residual stresses of the highly wrought
specimens. For both batches, fatigue cycling does not inﬂuence the residual stresses.
The observation of the fracture surfaces show that crack initiation is always on the surface, and that in
the large majority of specimens, the crack does not initiate on an inclusion or surface defect (ﬁgure 5).
5. Analysis
The results of the tension R = −1 tests show that the fatigue strength increases with the amount of hard-
ening introduced during forging (table 2). The fatigue limit of the lightly wrought specimens is increased
by 20% compared to before forging, and the highly wrought specimens have a 52% increase compared to
the lightly wrought specimens (82% increase compared to before forging).
There is a good correlation between the hardness values and the fatigue strengths. Garwood [17]
proposed a simple empirical law for steels: σD = 1.5HV . This model has been used by other authors
[12, 18, 19]. This model is simple but very accurate: comparing the experimental fatigue strength with the
predicted strength using the measured hardness values, the maximum error is only 13% (ﬁgure 6). This
model can also be used with the hardness predicted with the previously mentioned FE simulations. This
gives an error of 19% for the lightly wrought specimens and 12% for the highly wrought specimens. This
means that if the initial hardness is known, a FE simulation can be used to accurately predict the local fatigue
strength, even in a component with heterogeneous hardness. This simple model is not without limitations.
In the case of quenched steels, it is known that in some cases, the fatigue limit can in some cases decrease
with higher hardness [17, 20]. This type of behaviour can be explained by a changing damage mechanism
[19]. In this case, the simple model σD = 1.5HV is not applicable.
Specimen σUTS
Traction Bending
σa σa σm R
Before Forging 590 252 - - -
Lightly wrought 720 303 310 189 -0.24
Highly wrought 1070 461 438 246 -0.28
Table 2. Fatigue and monotonic strength of the specimens, in MPa. For bending, the load ratio R is also speciﬁed.
In order to quantify the fatigue behaviour of the forged surface, fatigue tensile tests were impossible
to carry out. Because to obtain a tensile specimen requires machining, which would remove the forged
surface. Bending tests were performed with the goal of applying a R = −1 loading at the surface. A bending
specimen geometry was designed to be loaded with a load ratio of R = 0.1 (ﬁgure 2). The cylindrical surface
of the specimen and the macroscopic bending loading introduce plastic strain and residual stresses on the
surface of the specimens. This results in a local stress at the surface which has a load ratio very close to
R = −1. This was veriﬁed using strain gauges: the plastic strain introduced is very small: at most 0.4%
for the lightly wrought specimens and 0.6% for the highly wrought specimens. Stabilised loading cycles
are reached in under 5.104 cycles. This plastic strain is much smaller than the one introduced during the
extrusion process, and it is assumed that the surface material remains the same as the core material. The
residual stresses were measured after cycling and are on average -193 MPa for the lightly wrought specimens
and -288 MPa for the highly wrought specimens. The residual stresses measurements can be used to obtain
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the correct local stress values. The stress amplitude is not aﬀected by the residual stresses meaning that the
local stress amplitude is equal to the applied loading stress amplitude. The local mean stress is obtained by
subtracting the residual stresses from the applied macroscopic mean stress (table 2).
To compare the fatigue strengths in tension and bending, the values can be represented in a Haigh
diagram (ﬁgure 7). Using Gerber curves [21] to link the various conditions show that the fatigue results
and the ultimate tensile stress follow these curves very closely. This means that the fatigue behaviour is
the same at the core and on the surface of the specimens: the forged surface has no measurable impact on
fatigue behaviour. Hardening inﬂuences fatigue behaviour by uniformly scaling the Gerber curves.
6. Conclusions
The primary points of this study can be summarised as follows:
• Bending and tension fatigue tests were performed to quantify the fatigue behaviour of both the core
material and the surface of cold extruded specimens. The specimens were speciﬁcally designed to
be representative of real components. The fatigue tests show that the hardening introduced during
forging greatly improves the fatigue strength.
• After taking into account the residual stresses introduced in the bending fatigue tests, putting the
results in a Haigh diagram shows that the fatigue behaviour is the same for the core material and the
surface as they fall on the same Gerber curve. The hardening introduced by the extrusion process
increases fatigue strength but does not change the fatigue behaviour as the Gerber curves all have the
same shape.
• To predict fatigue strength, the simple model σD = 1.5HV is very accurate. In addition, it is possible
to predict the local hardness, and thus the local fatigue strength, with FE simulations if the initial
hardness is known.
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Fig. 2. Geometries of the forged specimens. a) As-forged specimen, the head of the specimen remains unforged. b) Monotonic tensile
test specimen. c) Tension fatigue specimen. d) Bending fatigue specimen.
610   B. Gerin et al. /  Procedia Engineering  133 ( 2015 )  603 – 612 
a) b)
Fig. 3. FE simulations of the forging process, showing in cross-section a) the plastic deformation and b) the hardness. For each result,
the lightly wrought specimen is on the left and the highly wrought specimen is on the right. The top parts of the specimens are not
extruded, showing the two diﬀerent reductions in cross-section.
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Fig. 4. Stress-Strain curves of the material before and after forging.
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Fig. 5. Fracture surface of a lightly wrought R = −1 tension fatigue specimen.
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Fig. 6. Hardness and grain size according to the fatigue strength in R = −1 traction.
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Fig. 7. Haigh diagram showing the results of the fatigue and tensile tests.
